e use of a mixing method based on a novel dry dispersion procedure that enables a proper mixing of simultaneous nanometric functional additions while avoiding the health risks derived from the exposure to nanoparticles is reported and compared with a common manual mixing in this work. Such a dry dispersion method allows a greater workability by avoiding problems associated with the dispersion of the particles. e two mixing methods have been used to prepare Portland cement CEM I 52.5R pastes with additions of nano-ZnO with bactericide properties and micro-or nanopozzolanic SiO 2 . e hydration process performed by both mixing methods is compared in order to determine the efficiency of using the method. e hydration analysis of these cement pastes is carried out at different ages (from one to twenty-eight days) by means of differential thermal analysis and thermogravimetry (DTA-TG), X-ray diffraction (XRD), scanning electron microscopy (SEM), and Fourier transform infrared spectroscopy (FTIR) analyses. Regardless of composition, all the mixtures of cement pastes obtained by the novel dispersion method showed a higher retardation of cement hydration at intermediate ages which did not occur at higher ages. In agreement with the resulting hydration behaviour, the use of this new dispersion method makes it possible to prepare homogeneous cement pastes with simultaneous functional nanoparticles which are physically supported on the larger particles of cement, avoiding exposure to the nanoparticles and therefore minimizing health risks. Manual mixing of cement-based materials with simultaneous nanometric functional nanoparticles on a large scale would make it difficult to obtain a homogenous material together with the health risks derived from the handling of nanoparticles.
Introduction
Cement is the most used binder material in construction and building, with it mainly being a fundamental component of mortar and concrete.
e microstructure and functional behaviour of cement-based materials strongly depend on the chemical composition and additions, water-cement ratio, and rate of hydration.
e incorporation of additions to modify and improve its fresh properties and its physical, mechanical, and durability properties, as well as to obtain new functional properties such as photocatalysis [1, 2] , antibacterial effects (Sikora et al. [3, 4] ), hydrophobicity (Tittarelli [5] and Nunes and Slizkova [6] ), and fungicide effects (De Muynck et al. [7] ) among others is currently an important research topic. In recent years, nanotechnology applied to cement-based materials has been growing since the use of additions of nanometric size significantly increases the effects on their mechanical and functional properties, and the combination of several additions might be very promising (Sikora et al. [4] , León et al. [8] , and Mohseni et al. [9] ). However, the simultaneous addition of several functional nanoparticles simultaneously is an even greater challenge due to their tendency to agglomeration and by the risk to health during its manipulation (Vishwakarma et al. [10] , Albrecht et al. [11] , and Mueller and Nowack [12] ).
In the case of the addition of silica, the pozzolanic activity and filling capacity are the two main characteristics that significantly influence the cement-based material properties (Haruehansapong et al. [13] , Senff et al. [14] , and Lu and Poon [15] ). Pozzolanic materials provide an increase in the amount of calcium-silicate-hydrate (CSH) gels, as well as a denser and more discontinuous and tortuous microstructure via pozzolanic reactions. As a result, an improvement of the mechanical and durable properties of the cement-based materials occurs (Massana et al. [16] and Ramezanianpour and Moeini [17] ). A significant factor is the distribution particle size of silica, related with the specific surface. Silica fume is a by-product and generally shows a wide particle size range from submicronic particles to a few tens of microns. In contrast, in the case of nanosilica, the particle size is lesser. Smaller sized particles provide nucleating sites to hydration products since the high surface area, particularly in the case of nanosilica, allows the formation of calcium-silicate-hydrate (CSH) gel seeds on its surface formed by an early pozzolanic reaction that accelerate silicate hydration (Cheng-yi and Feldman [18] , Larbi et al. [19] , omas et al. [20] , and Land and Stephan [21] ).
e surface area of silica becomes higher so does the acceleration of hydration (Land and Stephan [21] ).
Zinc oxide, ZnO, can present three crystalline structures, with the most stable being the hexagonal structure, wurtzite. ZnO is an n-type semiconductor with a band gap of 3.2 eV at room temperature RT. ZnO is produced directly by oxidizing zinc metal, a reduction of an ore to zinc metal followed by re-oxidation and to a lesser extent, by precipitation of oxide or carbonate from aqueous solution and a final thermal treatment (Moezzi et al. [22] ). is oxide has a large number of applications, with a vulcanization activator in the rubber industry being the main function. ZnO is a highly important raw material in ceramics (glazes and enamels in tiles and sanitary ware), in electroceramics such as overvoltage protection devices (varistors) (Sendi [23] and Xu [24] ), and in optoelectronics (Kahouli et al. [25] , Hussein et al. [26] , and Torchynska et al. [27] ). It is currently being researched as a photocatalyst and novel antifungal precursor. e morphology of the ZnO particles mainly depends on the synthesis techniques, precursors, process conditions, and pH (Moezzi et al. [22] ).
According to Klingshirn, the use of ZnO particles in concrete increases the setting time and, therefore, the workability for early ages, and provides an improvement in its resistance against water (Klingshirn [28] ).
e main effects of zinc oxide additions to the Portland cement have been known for some time: retardation of setting and hardening (reducing the rate of heat evolution) leads to an improvement in whiteness and final strength (Ramachandran [29] ). Recently, authors such as Nivethitha et al. have suggested that the addition of nano-ZnO particles may also improve the mechanical properties of ordinary Portland cement mortar (Nivethitha and Dharmar [30] ).
Several authors have studied the influence of ZnO on the hydration of the Portland cement. Arliguie showed that the delay in hydration is due to the precipitation of an amorphous Zn(OH) 2 layer around the anhydrous C 3 S grains which inhibits cement dissolution (Arliguie and Grandet [31] ). e hydration of C 3 A in the presence of ZnO occurs too, when there is a significant presence of SO 3 [33] ). Johnson and Kersten showed that solid solution is a possible binding mechanism for Zn(II) in the CSH gel, indicating that at least 10% of Zn may be incorporated in the CSH structure (Johnson and Kersten [34] ). In such a way, Lieber and Gebauer confirmed the formation of crystalline calcium hydroxyzincate during the retardation period as an intermediate product (though after some days of reaction, it is no longer detectable) (Lieber and Gebauer [35] ). In a recent study, Ataie et al. [36] in contrast with Arliguie, indicated that the mechanism by which ZnO retards hydration reaction could be nucleation and/or growth poisoning of CSH and suggested that ZnO does not inhibit cement dissolution. Ataie showed that ZnO strongly delays the cement hydration and the retardation increases as the ZnO quantity in the cement rises, so the amount of ZnO added is directly correlated with such an increase in the retardation period. Zn ions hinder nucleation and growth of hydrated products poisoning the hydration product nuclei. When there are not enough dissolved Zn ions, retardation ends and a greater acceleration of hydration occurs. In the same sense, various authors suggest that the CSH gel is the most probable site for metal fixation in cement and Zn 2+ is incorporated in the interlayer CSH (Stumm et al. [37] , Ouki and Hills [38] , Ziegler et al. [39] , and Ziegler and Johnson [40] ).
erefore, calcium hydroxyzincate dihydrate CaZn 2 (OH) 6 ·2H 2 O (CZ) has an important influence in the retardation of the Portland cement hydration (Arliguie and Grandet [31] ) and in the prevention from corrosion of the galvanized steel in concrete when this hydroxyzincate phase forms a coating on the rebars (Tittarelli and Bellezze [41] ). Protection against corrosion is due to the formation of a compact and protective layer of this phase at high pH values between 12.2 and 13.3.
ZnO and compounds such as CaZn 2 (OH) 6 ·2H 2 O are being researched as antifungal, bactericide, and photocatalyst materials (Xie et al. [42] , Sirelkhatim et al. [43] , Madhusudhana et al. [44] , Gomez-Ortiz et al. [45] , and Hernandez Sierra et al. [46] ). Gomez-Ortiz et al. used CZ as the antifungal precursor of protective coatings for marble and limestone (Gomez-Ortiz et al. [45] ). A drawback when using both ZnO and SiO 2 nanoparticles as an addition in the Portland cement may involve the requirement of a greater amount of mixing water due to a greater amount of fines, which increases the water-cement ratio. e use of superplasticizers is common in order to improve the workability.
Nanoparticles, due to their high specific surface area, have a high tendency to form agglomerates. Such agglomeration drastically reduces the effectiveness and modifies the properties regarding the dispersed state of nanoparticles avoiding obtaining homogeneous mixtures. erefore, agglomeration should be avoided in order to achieve homogeneous admixtures using a low amount of nanoparticles and minimizing the health risks derived from its management. e difficulty in avoiding the agglomeration of functional nanoparticles and the difficulty in obtaining a material with high homogeneity increase in manual mixing when trying to introduce several additions simultaneously in cement pastes. Manual mixing to achieve homogeneous admixtures implies an increase in exposure time to nanoparticles and therefore an increase in health risks.
Nanotechnology is increasingly used in production processes. Currently, it is difficult to determine the risks to health and the environment during handling in the preparation of composites. Because of this, it is infeasible to prepare cement-based materials with functional nanoadditions (silica, zinc oxide, and titania, among others) at an industrial level by a manual mixing method to achieve a homogeneous dispersion of functional nanoparticles, given that they have a high health risk due to a small particle size. erefore, in order to minimize health risks derived from the use of nanoparticles, it is necessary to minimize exposure time and handling. e patented low-energy dry dispersion method (Fernandez Lozano et al. [47] ) allows the nanoparticles to be incorporated in an effective way, by simplifying the steps, avoiding exposure, and handling nanoparticles, as the dispersion of the nanoparticles takes place on dry larger particles (cement particles). ese nanoparticles are supported on the cement particles by cohesive forces, thus avoiding or decreasing spreading. A consistent powder with a particle distribution consisting of nanoparticles dispersed and anchored by short-range forces on particles of different morphologies is obtained. Such short-range forces avoid the presence of free nanoparticles when the composite powder is handled or used, decreasing the health risk. is process is in the absence of solvents (dry process) and does not require high shear rates. Implementation of such a process would be viable at an industrial level in a cement production plant. e object of this study, therefore, is to assess the feasibility of preparing homogeneous functional cement-based powders with simultaneous functional nanoadditions (SiO 2 and ZnO) by means of an easy-to-use dry dispersion method minimizing health risks and avoiding exposure to nanoparticles during the preparation of cement pastes.
Materials and Methods

Materials.
e cement paste is a 52.5R Type I commercial Portland cement with a particle size d 50 [48] is manufactured hydrophilic silica in a liquid-phase precipitation process that obtains aggregates with a micrometer size of 14 μm composed of tiny primary particles (5-100 nm). e advantages of using Sipernat 22S involve an amorphous structure and a high surface area of 180 m 2 /g. Sipernat 22S increases the early strength and consistency of concrete, reduces bleeding and segregation in self-compacting concrete, and has a hydrophobic effect that improves the water resistance of concrete (Aerosil, Aeroxide, and Sipernat products, Evonik Industries, Technical Information). Due to the difference between the specific surface area of microsilica (MS) and nanosilica (NS), the pozzolanic reactivity of nanosilica Sipernat is much higher. Both have an acidic character.
Sample Preparation.
ree cement paste mixtures were studied, including 52.5R Type I Portland cement and different combinations of additions of nano-ZnO (NZ), nanosilica, and microsilica as a substitute of anhydrous cement: one with 2 wt.% of nano-ZnO (NZ), another with 2 wt.% of nano-ZnO (NZ) and 10 wt.% of nanosilica (NS), and the last one with 2 wt.% nano-ZnO (NZ) and 10 wt.% of microsilica (MS). e mixtures were prepared by two mixing methods. A first mixing method involved a common manual mixing. e other mixing method used was the dispersion of the different functional particles (nano-ZnO, microsilica, and nanosilica) over the 52.5R Type I Portland cement particles, using the aforementioned low-energy dry dispersion (low shear rate) novel method (Fernandez Lozano et al. [47] ). In this method of dry dispersion, the cement particles as the different additions were dried and then mixed in a Turbula-type shaker with 15 mm diameter alumina balls (Lorite et al. [49] and Alonso-Domínguez et al. [50] ). e water-cement ratio was fixed at 0.35 for the admixtures except for that which had 2 wt.% nano-ZnO (NZ) + 10 wt.% nanosilica with a ratio fixed at 0.6 since nanosilica has a high specific surface and demands more water to obtain complete hydration of the mixture.
In order to obtain good rheological properties such as flowability but without segregation, a policarboxilate-based superplasticizer (Sika ViscoCrete ® 5720) was used. e superplasticizer quantities depend on the wt.% of cement replaced, as well as the morphological characteristic of the functional particles. Ghafari et al. pointed out that cement paste composites containing 0.4 wt.% ZnO nanoparticles (specific surface area of 54 ± 20 m 2 /g) or lower showed excellent workability retention compared to the reference mix and a poor workability retention was observed at higher dosage (Ghafari et al. [51] ). Once the dosages have been prepared by both mixing methods, they are placed in a rotary mixer that contains the required water and the superplasticizer (following with a low-speed knead for 90 seconds).
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After 30 seconds of rest, the mixture was mixed again for 90 seconds at a low speed. After mixing, the cement pastes were shaped as a prismatic bar in molds and covered with a plastic bag and placed in a curing chamber with the temperature and humidity controlled (20 ± 2°C and >95%, resp.). As zinc oxide is a cement hydration retarder, samples were demolded after 72 hours and cured in water inside the chamber. In order to stop the hydration of the samples at the ages analyzed, the cement paste was placed in vacuum for 30 minutes and then in acetone for two hours, following 24 hours in a stove at 60°C.
e sample was stored in a stove at 40°C until its structural and microstructural characterization had been obtained. Cement pastes were cured for one, two, three, seven, and twenty-eight days in water and characterized by means of DTA-TG, SEM, FTIR, and XRD.
Characterization of Cement Pastes with Additions.
e di erential thermal analysis and thermogravimetry (DTA-TG) of the cement pastes were performed by using LABSYS evo equipment provided by SETARAM Instrumentation, in the range of 25°C to 1100°C with a heating rate of 10°/min in N 2 atmosphere in alumina crucibles. e cement pastes were microstructurally characterized by scanning electron microscopy (SEM) with a JEOL JSM 6335F microscope, and the energy dispersive spectroscopy (EDS) analysis was carried out with a detector provided by Oxford Instruments, the X-Max N of 80 mm 2 with a resolution between 127 eV and 5.9 KeV. In addition, X-ray di raction (XRD) was carried out by means of a powder di ractometer Bruker D8 AD-VANCE with Cu Kα radiation, with a high-speed detector (Lynxeye). e identi cation of the crystalline phases was done by comparison with the Joint Committee on Powder Di raction Standards (JCPDS) guidelines. FTIR analysis of the cement pastes shaped in the KBr pellet method was performed by a PerkinElmer Spectrum 100 spectrophotometer from 400 to 4000 cm 
Results and Discussion
e thermogravimetric derivative (DTG) versus temperature plot represents the mass change rate with temperature (T   e   ) and allows a better resolution of the complex thermogravimetric curves. By quantifying the water related with the CSH gel and the portlandite phase (CH), it is possible to analyze the hydration grade. e DTG versus T e plot of cement pastes shows the following characteristic bands: rst, the free water loss occurs approximately at 100°C, then the interlayer water loss occurs at around 120°C, and nally, from 140°C until 430°C, the water of gel (water combined in the CSH gel, T1) loss occurs. e portlandite content is related with the water weight loss that takes place in the temperature range between 430°C and 515°C (labeled as T2). Due to the possible portlandite carbonation, it is necessary to adjust the portlandite quantity and include it in the temperature range where the carbonate loss takes place (515°C-1100°C). Villain et al. [52] indicated that the calcium carbonate (CaCO 3 ) ensuing of the CSH carbonation dissociates in a lower temperature range than the CaCO 3 ensuing of the portlandite carbonation allowing it to di erentiate both carbonations thermally. e authors consider that the water contained in the carbonates is 40 wt.% of the total weight loss in this temperature range. e 40 wt.% weight loss in this temperature range (515°C-1100°C) will be termed T3.
Figures 1(a)-1(c) and Table 1 show the plot of DTG versus temperature, such as mass losses in the temperature ranges previously examined (T1, T2, and T3, resp.) for cement pastes with a substitution of 2 wt.% of nano-ZnO (NZ), obtained by both mixing methods at cured ages of three, seven, and twenty-eight days, in comparison with a cement paste without addition as reference. In the DTG plot of three-day samples (Figure 1(a) ), there appear peaks corresponding to weight loss of water consequence of hydration of tricalcium aluminates C 3 A (170°C and 265°C) corresponding to the initial formation of hexagonal phases. Subsequently, these will be converted to a C 3 AH 6 cubic phase according to the literature and weight loss of carbonates as consequence carbonation of the samples (Ramachandran et al. [53] ). e DTG of hydrated calcium hydroxyzincate (CaZn 2 (OH) 6 ·2H 2 O) synthesized (Mellado et al. [54] ) shows three peaks, the first two overlapped in a temperature range between 140°C and 220°C corresponding to the two first stages' decomposition of CaZn 2 (OH) 6 ·2H 2 O. At the lowest temperature, the dehydration of CaZn 2 (OH) 6 ·2H 2 O takes place, and between 160°C and 220°C in the DTG, a wide peak appears corresponding to the decomposition of CaZn 2 (OH) 6 in ZnO and Ca(OH) 2 . Finally, at temperature around 500°C, the Ca(OH) 2 decomposition takes place. In Portland cement samples with 0.1% of Zn(II), Mellado et al. indicated the presence of two peaks in DTG at 180 and between 270°C and 290°C corresponding to the decomposition of hydrated calcium hydroxyzincate CaZn 2 (OH) 6 ·2H 2 O and hydrozincite Zn 5 (CO 3 ) 2 (OH) 6 , respectively.
In Figures 1(a) -1(c), two peaks appear before 200°C and 300°C, respectively, that could correspond to the decomposition of hydrated calcium hydroxyzincate (CaZn 2 (OH) 6 ·2H 2 O) and hydrozincite according to Mellado et al. [54] . In Figure 1 (a), these peaks can appear overlapping with the hydration of tricalcium aluminates and therefore have a greater intensity. Figure 1 (a) and Table 1 data indicate that the hydration of calcium silicates has not taken place at this age, confirming the hydration retarder behaviour of ZnO on cement pastes in agreement with Mellado et al. that confirmed the absence of portlandite decomposition in cement pastes containing 1% of Zn(II) at 3 days due to the delay in the setting of the cement. Pastes at seven days show that hydration is taking place according to Figure 1(b) and Table 1 to a greater extent for cement paste prepared by a manual mixing method since the water of the CSH gel combined with portlandite for manual mixing cement pastes is higher than that obtained by the low shear dispersion method. For 28 days (Figure 1(c) ), the hydration process for cement pastes obtained by both mixing methods is very similar. Only small differences can be observed in regard to the total combined water, in particular, due to the water contained in carbonates (Table 1, T3) . According to Villain et al. [52] , calcium carbonate CaCO 3 ensuing form the degradation of the CSH gel gives place to vaterite and/or aragonite whose dissociation takes place between 650°C and 800°C and CaCO 3 calcite ensuing from portlandite Ca(OH) 2 carbonation dissociated between 850°C and 1000°C according to Figures 1(a)-1(c) . For 28 days, the water loss combined with portlandite indicates that about 24% of total loss is due to the portlandite, with the portlandite content for samples obtained by both mixing methods being about 14 wt.%. e CSH gel-portlandite ratio is higher for samples with nanozinc oxide than for the reference cement paste at 28 days for both experimental methods of obtaining the cement pastes. is result is a consequence of a higher content of water (higher combined water) in the gel (T1), though this does not mean that there is more CSH gel since the portlandite content (equivalent calcium) for all the samples with and without nano-ZnO is similar. is higher water content for samples with nano-ZnO could be due to the water bound to zinc in the calcium hydroxyzincate, given that, in these samples, there is no silica and the pozzolanic reaction cannot take place to form a secondary CSH gel. e hydration process in the first ages is different for each cement paste with nanozinc oxide depending on its mixing method, although in both cases hydration is later, with it being higher for cement pastes obtained at low shear rate dispersion. ZnO is not involved in the hydration process in cement pastes prepared by this method in the first ages, and the water bonded is lower than that in pastes prepared by manual mixing. For 28 days, hydration is similar for cement pastes obtained by both mixing methods. Cement pastes obtained by the novel dispersion method show a higher CSH gel-to-portlandite ratio than the manual mixing ones, indicating a higher Ca/Si ratio and denser CSH gels.
e Ca/Si ratio in a CSH gel of cement pastes obtained by both mixing methods was determined by SEM-EDX analysis at a different point of the surface of each sample at the age of 28 days.
e Ca/Si ratio for both mixing methods was similar, with the values of 2.44 and 2.52 for manual and dispersing methods, respectively.
ese Ca/Si ratios are slightly higher than those for 52.5R cement pastes with a Ca/Si ratio of 2.28. Accordingly, the ZnO addition increases the Ca/Si ratio in the CSH gel.
FTIR analysis for cement pastes with nano-ZnO additions (Figure 2 ) is in agreement with the DTA-TG characterization. At three days, the hydration of calcium silicates has not started, and only the hydration of the calcium aluminates can be observed in the cement pastes and the mixing methods studied. FTIR analysis identified alite (A) as unhydrated cement particles and an ettringite (E) phase, as a consequence of calcium aluminate hydration.
e carbonate peaks as a consequence of paste carbonation and peaks corresponding to bending water or in capillaries are that could be attributed to OH groups joined to Zn ions (zinc hydroxide) (Mollah et al. [55] and Trezza [56] ). ese results are in agreement with Arliguie, who pointed out that the formation of an amorphous layer of zinc hydroxide on the surface of anhydrous cement particles inhibits cement hydration (Arliguie and Grandet [31] ). For cured cement pastes at seven days, there is agreement with the DTA-TG analysis, with the hydration of manual mixing cement pastes being almost complete since the displacement of the peak corresponding to the unhydrated alite phase from 920 to 985 cm −1 and corresponding to the C 3 S hydration product (formation of the CSH gel) is clearly identi ed. In this sample, a sharp peak at 3645 cm −1 corresponding to the O-H stretching of portlandite Ca(OH) 2 formed together with the CSH gel in the hydration of calcium silicates is identi ed. For dispersed samples at seven days, portlandite identication is not possible, although the formation of the CSH gel takes place according to the incipient peak at 985 cm
such as a decrease in the alite phase, con rming the progress of hydration. In agreement with the literature (Vázquez Moreno [57] ), the intensity of the band corresponding to ettringite decreases with its transformation in monosulfoaluminates. In this case, for pastes with NZ, this change takes place when the age increases from three to seven days. For 28 days, FTIR analysis would indicate a slightly greater advance of hydration of cement pastes obtained by a manual mixing method as the greater intensity of the portlandite and CSH gel peaks, together with alite, is not identi ed.
X-ray di raction characterization (Figure 3 ) is in agreement with DTA-TG and FTIR analyses for cement pastes with nanozinc oxide additions for both mixing methods. For samples at three days, calcium silicate hydration has not started (alite and belite identi cation), with there even being aluminates identi ed. For pastes at seven days, hydration is at a greater point of advance in cement pastes obtained by manual mixing than for low shear rate dispersion for seven days. At this age, manual mixing sample characterization shows that the peaks corresponding to the alite phase (A) have a lower intensity than those corresponding to low shear rate dispersion ones. For 28 days, according to XRD analysis, there are no hydration di erences between cement pastes obtained by both mixing methods. At this age, by means of this characterization technique, it is possible to identify traces of unhydrated alite. It should be noted that it is possible to identify the crystalline calcium hydroxyzincate dihydrate CaZn 2 (OH) 6 ·2H 2 O (CZ) phase at any cured age. e identi cation by the FTIR of the amorphous zinc hydroxide Zn(OH) 2 phase at the earliest age (three days) and crystalline calcium hydroxyzincate dihydrate CaZn 2 (OH) 6 ·2H 2 O (CZ) for all ages in XRD analysis would agree with the Arliguie and Grandet proposal [31] where these authors indicated that the delay in hydration is due to the precipitation of an amorphous Zn(OH) 2 layer around the anhydrous C 3 S grains which inhibits cement dissolution. When the hydration reaction starts again, the amorphous Zn(OH) 2 layer transforms into a crystalline calcium hydroxyzincate CaZn 2 (OH) 6 ·2H 2 O (CZ). In a recent published study, Andrade et al. studied cement pastes with zinc oxide addition for electric arc furnace dust (EAFD) recycling (Andrade Brehm et al. [58] ). ey proposed a model to explain hydration reactions of cement admixed with ZnO. In this work, the authors identi ed the CaZn 2 (OH) 6 ·2H 2 O (CZ) phase at two days and suggested the starting of the hydration reactions in these cement pastes with ZnO in agreement with Arliguie and stated that Zn(OH) 2 is not the responsible phase of retardation of setting time since, according to the pH diagram at the pH of the cement pastes 6 Advances in Materials Science and Engineering (≈12), there would be a small amount of this phase. e most important result, regardless of the characterization technique, is that there are no signi cant di erences in hydration of cement pastes at 28 days with a substitution of 2 wt.% of nanoZnO obtained by both mixing methods. Table 2 show the DTG (mass change speed) versus temperature as mass loss from the TG data for the interest temperature ranges de ned previously (T1, T2, and T3) and associated with water loss of a different nature for cement pastes with a cement substitution of 2 wt.% nano-ZnO and 10 wt.% microsilica (MS) obtained for both mixing methods at ages of three, seven, and twenty-eight days, respectively. DTG analysis and water losses associated with di erent phases ( Table 2 ) of three-day samples with ZnO and microsilica (Figure 4(a) ) are close to the three-day pastes only with nanoparticles for both mixing methods. e hydration of calcium silicates has not taken place at this age. Pastes at seven days (Figure 4(b) ) show that calcium silicate hydration has taken place for manual mixing samples but not so for low shear rate dispersion pastes. e total water combined with cement pastes prepared by low shear rate dispersion at seven days is similar to that at three days. Water loss that takes part in the CSH gel (T1) and water combined with portlandite (T2) are low compared with manual mixing pastes according to Table 2 . e absence of the peaks corresponding to the water loss that takes part in the CSH gel (T1) and water combined with portlandite (T2) in DTG analysis con rms that the hydration of calcium silicates either has not started or is at an only slightly advanced at seven days for pastes prepared by the dispersion method. ere are meaningful di erences related to the quantities of water that are part of the CSH gel, as well as water combined with portlandite, that indicate a higher hydration of calcium silicate of manual mixing cement pastes. Pastes only with ZnO hydration at seven days have started in both mixing methods, although higher advanced points for pastes are obtained by manual mixing. In Figures 4(a)-4(c) , two peaks appear before 200°C and 300°C, respectively, that could correspond to the decomposition of hydrated calcium hydroxyzincate (CaZn 2 (OH) 6 ·2H 2 O) and hydrozincite according to Mellado et al. [54] . In Figure 4 (a), these peaks can appear overlapping with the hydration of tricalcium aluminates and therefore have a greater intensity.
Figures 4(a)-4(c) and
At 28 days, the hydration process for cement pastes with NZ and MS obtained for both mixing methods is identical according to DTG analysis and associated water losses (Figure 4 (c) and Table 2 ). At 28 days, the water loss combined with portlandite indicates that about 16 wt.%. of total loss is due to portlandite and the portlandite content for samples obtained by both mixing methods being about 9% of total weight. is minor content, compared with pastes, is only with nanozinc and is a consequence of the pozzolanic reaction between portlandite and the microsilica.
Similar to Figures 1(a)-1(c) , calcium carbonate CaCO 3 dissociation ensuing form the degradation of the CSH gel takes place between 650°C and 800°C and CaCO 3 calcite ensuing from portlandite Ca(OH) 2 carbonation dissociated between 850°C and 1000°C according to Figures 4(a)-4(c) .
e CSH gel-portlandite ratio is higher for samples with nanozinc oxide and microsilica than for the reference cement paste at 28 days for both experimental methods of obtaining the cement pastes, as occurred in the case of the cement pastes only with nanozinc oxide. Unlike cement pastes only with zinc oxide, this result is a consequence not only of the higher content of water (higher combined water) in the gel (T1) due to the water bound to zinc in calcium hydroxyzincate but also of the formation of the CSH gel because of the pozzolanic reaction due to microsilica addition. As a result of the pozzolanic reaction, the portlandite content (equivalent calcium) for the cement pastes with nano-ZnO regardless of the mixing method is similar and lower than that for reference pastes without ZnO. As for cement pastes with only ZnO, the Advances in Materials Science and Engineeringhydration process in the rst ages is di erent for each cement paste with nanozinc oxide and microsilica depending on its mixing method, although in both cases hydration is later, with this being higher for cement pastes obtained at low shear rate dispersion. ZnO does not occur in the hydration in cement pastes prepared by this method in the rst ages, and the water bonded is lower than that in pastes prepared by manual mixing. At 28 days, hydration is similar for cement pastes obtained by both mixing methods. Cement pastes obtained by the novel dispersion method show a higher CSH gelportlandite ratio than the manual mixing ones, indicating a higher Ca/Si ratio and therefore denser CSH gels. e CSH gel-portlandite ratio is higher for samples with nanozinc oxide and microsilica than for the reference cement paste at 28 days for both experimental methods of obtaining the cement pastes, due in part to the water content in calcium hydroxyzincate and because it is not related to the CSH gel (there is also a formation of secondary CSH gel consequence of the pozzolanic reaction). is result would provide better mechanical properties for samples with nanozinc oxide and microsilica substitutions for both mixing methods compared with the reference pastes. e CSH gel-portlandite ratio for samples with zinc oxide and microsilica is higher than that for samples only with zinc oxide due to the pozzolanic reaction forming a secondary CSH gel.
e Ca/Si ratio in the CSH gel of cement pastes with NZ and MS obtained by SEM-EDX analysis at 28 days shows such a ratio for both mixing methods as similar, although slightly higher for manual mixing, with the values of 2.20 and 2.25, respectively. e Ca/Si ratio decreases with the addition of SiO 2 .
As the plot of DTG versus T a of cement pastes that contain NZ and nanosilica NS is close to that of cement pastes that contain NZ and MS, it is not shown in this article. Table 3 shows the mass loss from the TG data for the interest temperature ranges de ned previously (T1, T2, and T3) and associated with the water loss of di erent nature for cement pastes with NZ and NS for three, seven, and twenty-eight days, respectively.
At three days of hydration, cement pastes with NZ and NS obtained by both mixing methods, as for cement pastes with NZ and MS, the hydration of calcium silicates has either not taken place or at a little advanced point according to the gel water losses. Pastes at seven days show that calcium silicate hydration has taken place for manual mixing samples but not so for low shear rate dispersion pastes. e total water combined with the cement paste prepared by low shear rate dispersion at seven days is similar to that at three days, as shown in Table 3 . According to this DTG analysis and the values shown in Table 3 , the result would indicate that at seven days for manual mixing pastes, hydration is already advanced and for dispersing samples, it would be starting. According to ndings in another study, nanosilica accelerated C 3 S hydration [21] ; however, in this study, the hydration retarder e ect of ZnO prevailed. Water losses that took part in the CSH gel (T1) and combined with portlandite (T2) in the rst ages (three and seven days) are similar for samples that do not contain silica or contain micro-or nanosilica. For 28 days, the hydration process for cement pastes obtained for both mixing methods is similar. Water loss that takes part in the CSH gel (T1) at 28 days for cement pastes with NS is higher than that for the MS ones, with this indicating that nanosilica produces a higher quantity of hydrated phase and showing agreement with the literature (Tobón et al. [59] ).
It is important to note, in agreement with the literature, that nanosilica has a pozzolanic reactivity higher than microsilica and, that is, produces additional CSH gel (Land and Stephan [21] ). According to Table 3 , cement pastes with nanosilica for both mixing methods at 28 days show a higher water loss that takes part in the CSH gel (T1) than the water loss for samples with microsilica (Table 3 ) which correspond with a higher CSH gel formation. A higher CSH gel formation is important since this phase is responsible for the mechanical properties, adherence, and contribution to the durability of cement-based materials. For 28 days, water loss combined with portlandite indicates that about 9 wt.% of total loss is due to the portlandite (the portlandite content for samples obtained by both mixing methods is about a 6% total weight).
is minor portlandite content, compared with pastes only with nanozinc, is a consequence of the pozzolanic reaction. According to the literature, nanosilica promotes the pozzolanic reaction since the pozzolanic reaction is proportional to the specific surface available for the reaction. Micro-and nanosilica, in this work, have a surface area of 28 and 150 m 2 /g, respectively (Jo et al. [60] ). For samples with nanozinc oxide and with or without microsilica, the CSH gelportlandite ratio is higher for samples with nanozinc oxide and nanosilica than for the reference cement paste at 28 days regardless of the mixing method. e explanation is the same as that for samples with microsilica. Cement pastes with nanosilica for both mixing methods show the highest CSH gel-portlandite ratios as a consequence of a higher extent of the pozzolanic reaction since such a reaction is proportional to the surface area of silica and is one order of magnitude higher for nanosilica than for microsilica. In all cement paste mixtures, the hydration process at early ages is different for each mixing method; although in both types, the hydration process is retarded (such an effect is greater for cement pastes obtained by low shear rate dispersion). ZnO is not involved in the hydration in cement pastes prepared by this method in the first ages, and the water bonded is lower than that in pastes prepared by manual mixing. At 28 days, hydration is similar for cement pastes obtained by both mixing methods.
e Ca/Si ratio in a CSH gel of cement pastes obtained by SEM-EDX analysis at the age of 28 days shows such a ratio for both mixing methods as similar with values of 1.95 and 1.78 for manual and dispersion mixing methods, respectively. e addition of silica decreases the Ca/Si ratio in the CSH gel, with this decrease being more meaningful when nanosilica (NS) is added.
FTIR analysis ( Figure 5 ) for cement pastes with NZ and MS obtained by both mixing methods shows at three days that the cement paste by mixing oxide could be forecast as the peak corresponding to OH − groups joined to Zn ions (zinc hydroxide), although in this case it is even weaker. e hydration behaviour is similar to that identified in cement pastes only with NZ: calcium silicate hydration has not started and the hydration of the calcium aluminates has only happened, according to the identification of alite (A) and ettringite (E). Pastes at seven days show that calcium silicate hydration has taken place for manual mixing samples but not so in the case of low shear rate dispersion pastes, in agreement with DTA-TG analysis. As can be observed in Figure 5 , in manual mixing samples, the peak corresponding to the unhydrated alite phase has moved from 920 to 995 cm −1 , corresponding to the C 3 S hydration product (formation of the CSH gel) in addition to the portlandite phase. e hydration advance is higher for cement pastes prepared by a manual mixing method than for low-shear one.
is is illustrated by the displacement of the peak corresponding to the CSH gel formation and also by a weak peak identified at 3645 cm −1 corresponding to the O-H stretching of portlandite, formed together with the CSH gel in the hydration of calcium silicates. For cured cement pastes at 28 days, FTIR analysis shows an identical hydration of cement pastes obtained by both mixing methods. When the hydration age is 28 days, there is a meaningful decrease in the peak corresponding to the ettringite phase regardless of the mixing method used in agreement with the literature [57] . e intensity of the band corresponding to ettringite decreases as its transformation in monosulfoaluminates occurs. e only exceptions are cement pastes with only NZ as an addition, in which this change takes place when the age increases from three to seven days. It is important to note that the peak corresponding to portlandite (3645 cm −1 ) in samples with microsilica (seven and 28 days) shows a signi cantly lower intensity than for samples without silica due to portlandite reacting with silica in the presence of water to form a secondary CSH gel according to the following equation given by Neville and Brooks [61] :
Although the pozzolanic reaction does not lead to a higher water loss T1, if the values provided in Tables 1 and  2 are compared, where in samples only with ZnO, the pozzolanic reaction cannot take place. Secondary CSH gels show lower Ca/Si ratios, in accordance with the literature (Al-Dulaijan et al. [62] ).
FTIR analysis for cement pastes with NZ and NS obtained by both mixing methods is similar to cement pastes that contain NZ and MS. For this reason, this is not shown in the article.
At three days, in all cement pastes obtained by both mixing methods, it is possible to observe calcium silicates (alite) and ettringite but not CSH gels. erefore, the hydration process has been delayed by ZnO. Pastes at seven days show that calcium silicate hydration takes place for manual mixing samples but not so for low shear rate dispersion pastes in agreement with DTG-T a analysis since for manual mixing samples the displacement of the peak corresponding to the unhydrated alite phase from 920 to 995 cm −1 corresponding to the C 3 S hydration product (formation of CSH gel) has taken place. For cured cement pastes at 28 days, FTIR analysis shows an identical hydration of cement pastes obtained by both mixing methods. When the hydration age is at 28 days, there is a meaningful decrease in the peak corresponding to ettringite phase regardless of the mixing method used to obtain the cement pastes. It is important to note that the peak corresponding to portlandite (3645 cm −1 ) is not identi ed for any of the samples, as a consequence of a further extension of the pozzolanic reaction according to its higher surface area.
X-ray di raction characterization ( Figure 6 ) for cement pastes with NZ and MS shows agreement with DTA-TG analysis and FTIR in that hydration at three days is delayed for both mixing methods since only unhydrated phases are identi ed (calcium silicates and aluminates) in addition to calcium hydrozincite. At seven days, hydration is at a more advanced point in cement pastes obtained by manual mixing than for low shear rate dispersion. At this cured age, manual mixing sample characterization shows peaks corresponding to the portlandite phase (P), unlike dispersing samples in which such a phase is not identi ed. For pastes obtained by dispersion, as the XRD pattern for ages three and seven days is identical, hydration is delayed. At 28 days, according to XRD analysis, there are no hydration di erences between cement pastes obtained by both mixing methods. It should be noted that it is possible to identify the crystalline calcium hydroxyzincate dihydrate CaZn 2 (OH) 6 ·2H 2 O (CZ) phase to any cured age for both pastes as in the pastes only with ZnO. As in the case of the pastes only with ZnO, given that an alite phase in cement pastes at ages of 28 days is identi ed, there are unhydrated cement particles.
X-ray di raction characterization for cement pastes with NZ and NS is identical to cement pastes with NZ and MS ( Figure 6 ). At three days, hydration is delayed for both mixing methods, with unhydrated phases (calcium silicates and aluminates) being identi ed. At seven days, hydration is at a more advanced point in cement pastes obtained by manual mixing than for low shear rate dispersion. e portlandite phase only can be observed in pastes obtained by manual mixing. At 28 days, hydration for cement pastes obtained by both mixing methods is identical. It should be noted that it is possible to identify the crystalline calcium hydroxyzincate dihydrate CaZn 2 (OH) 6 ·2H 2 O (CZ) phase to any cured age for both pastes, as in the pastes only with ZnO or with ZnO and microsilica. As in the case of other pastes, a small quantity of alite in cement pastes for both mixing methods at ages of 28 days is identi ed, indicating that there are unhydrated cement particles as a consequence of the hydration relay by the ZnO addition. By means of XRD di raction, it is not possible to con rm the greatest extent of the pozzolanic reaction for pastes with NS than for MS (T2 values in Tables 2 and 3 and Figure 5 ) according to the intensity of the peak associated to the portlandite phase.
Conclusions
In this work, cement pastes with simultaneous functional additions (micro-and nanosilica and nanozinc oxide) have been prepared by means of two di erent mixing methods: a common manual mixing method and a novel low shear rate dispersion method. It highlights the viability of using a new dispersion method based on a low shear mixing to prepare cement pastes with nanometric simultaneous functional additions and limit exposure to the nanoparticles in order to avoid health risks.
At earliest age, hydration for both mixing methods has not started and it is identi ed by the amorphous zinc hydroxide phase, responsible for the hydration inhibition. When hydration is restarted, it is identi ed by the crystalline calcium hydroxyzincate phase in cement pastes prepared by both methods. e delay in hydration is higher for cement pastes obtained by low shear rate dispersion than with manual mixing. Nevertheless, at 28 days, hydration is similar for cement pastes obtained by both mixing methods.
In all the cement pastes with additions, the CSH gelportlandite ratio is higher than that for the reference cement paste without additions at 28 days regardless of the mixing method, with cement pastes with nanozinc oxide and nanosilica reaching the highest ratio value.
is result is a consequence of the higher content of water (higher combined water) in the gel (T1) due to the water bound to zinc in calcium hydroxyzincate for cement pastes with nanoZnO. In addition, the formation of a secondary CSH gel due to the pozzolanic reaction is greater for cement pastes with nanosilica because of its higher surface area.
e most important result obtained in agreement with the similar hydration behaviour of the di erent cement pastes prepared by both mixing methods is associated with the feasibility of using the novel low energy dry dispersion method to prepare cement pastes with simultaneous nanometric functional additions avoiding the exposure to the nanoparticles and therefore minimizing health risks.
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